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INTRODUCTION

I. SOLID STATE DEVICE RESEARCH

Photovoltaic detectors with high quantum efficiencies and high detectivities at 12°K have been
0.8570.2
junctions were prepared by diffusing approximately 15-u deep n-type layers into p-type sub-

: - . : 17 -3
strates with carrier concentrations ranging from 2 to 7 x 10 "cm . The cutoff wavelength

fabricated from Bridgman-grown and subsequently annealed Pb Te crystals. The p-n

of these detectors is 13 and 17 u at 77° and 12°K, respectively. At 12°K, the quantum ef-
ficiency is about 40 percent, and the detectivity is between 2 and 4 x 1010cm/Wsec1/2.
Since about half the incident radiation is reflected at the surface, the measured quantum ef-

ficiency corresponds to an internal collection efficiency of about 80 percent.

Measurements of the noise voltages of photovoltaic Pb1 _xSnxTe and Pb1 _ySnySc detectors have
shown that at frequencies in the 1-kHz range the noise is dominated by the Johnson noise of
the incremental diode resistance at zero bias, which for state-of-the-art diodes operated at
77°K ranges from 1 to 10ohms. To achieve background-limited operation at 12 in a detec-
tor of unit quantum efficiency at 77°K, a resistance of 20 ohms is required for a l—mm2 di-
ode. In the present diodes, the resistance at zero bias is determined by bulk leakage, pos-
sibly due to metallic inclusions in the crystal. Such metallic inclusions and low-angle grain
boundaries have been revealed in some Bridgman-grown crystals of Pb]_xSnxTe by electro-

lytic etching.

Infrared images in the 4- to S-p range have been detected using the radiation-sensitive char-
acteristics of a uniform InSb metal-oxide-semiconductor structure. The infrared images are
detected by rapidly scanning the device with 0.63-1 light from a CW He-Ne laser. The detec-
tion depends on the highly nonlinear photoresponse of the structure, whereby the presence of
the 4- to 5-u image affects. the signal generated by the 0.63-p light. In addition, optical in-
formation at 1y has been read in and stored for over 1 hour using this same InSb-MOS struc-
ture. The information can be nondestructively read out using 5-p radiation and canbe erased
with 0.25-p radiation. This operation depends on the difference between the effect of 1- and
0.25-p radiation on the population of electron states in the oxide or at the semiconductor-
oxide interface. The local population then affects the response of the device to the S-p

radiation.

Several major equipment modifications have been made in the 400-keV Van de Graaff accel-
erator system used to implant heavy ions in semiconducting crystals. These modifications
have been primarilyin the vacuum system and in the ion source. Following these alterations,
the modified system has operated reliably delivering over 1A of As' ions at drift tube and

o)
sample chamber pressures of 10 ~ torr or less.
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Introduction

This system has been used to implant p-type germanium samples with As’and N"ions. For
the As' implants, doses ranged from 2 x 10l to 1.6 % 1010 ions/cmz, and the target temper-
ature was varied between 20° and 500°C. The room-temperaturc implants required post
implantation annealing to over 400°C to produce conversion to n-type. However, most of the
implants performed with the germanium wafers elevated to temperatures in the 450° to 500°C
range produced n-type conductivity immediately. To date, the results obtained with N'are

inconclusive.

CdTe has been bombarded with 400-keV N" and As " ions which should be p-type dopants. To
date, the N* implantation has given no indication of converting CdTe. however, the As'im-
plants have shown some promising results. Materials problems, however, have hampered
the reproducibility of these results. An annealing program has been initiated to achieve ho-

mogeneous starting material.

II. OPTICAL TECHNIQUES AND DEVICES

Short-term stability measurements have been made on improved versions of the (‘OZ—NZ—HO
lasers previously described. For an ohservation time of 0.1 sec, the frequency is stable to
less than 400Hz. An order of magnitude improvement is expected upon elimination of power

ripple and coolant temperature variations.

A sealed-off CO2 laser has been operated for over 1000 hours. Analysis of the gas content
at this time indicates that the heated nickel cathode maintains the proper CO2 concentration,

thus circumventing the usual CO, loss observed to degrade performance in previous

2
experiments.

A 9-meter long CO, amplifier is under construction. Preliminary tests of the first 3-meter

2
section indicate that the final system should yield at least 100-W continuous output.

III. MATERIALS RESEARCH

The eutectic phase diagram of the PbSe-SnSe pscudo-binary system has been determined by
differential thermal analysis. At the eutectic temperature (870°C), the solubility of SnSe in
PbSe (rocksalt structure) is 52 mole-percent, and the solubility of PhSe in SnSe (orthorhombic

structure) is 24 mole-percent,

The results of magnetic susceptibility measurements have confirmed an carlier report that

SrRuO3

urcments show that CaRuO3 has a Néel temperature of 110° = 10°K, and exhibits a small

is ferromagnetic and that (‘.aRuO3 has antiferromagnetic interactions. These meas-

parasitic ferromagnetism below 77°K. Data on neutron diffraction and on magnetization at
fields upto 125 kOe show that SrRuO3 exhibits collective-clectron magnetism and that both the
spin-up and spin-down bands contain holes. The presence of holes in both bands presumably
accounts for the fact that the interactions in this compound are ferromagnetic rather than

antiferromagnetic.
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The pressure coefficient of the Curic temperature, (ITC/dP, was found to he negative for the
magnetic spinels CdCr2S04. CuCr28e4, and CuCrZS4. For CdCrZSe4, this indicates that a
reduction in lattice size increases the antiferromagnetic direct superexchange interaction
between B-sites more rapidly than the ferromagnetic 90° superexchange interaction between
these sites. It is probable that the same mechanism is primarily responsible for the nega-
tive pressurc coefficients of the Cu spinels, but the band electrons in these compounds could

also be contributing to the negative cocfficient.

Theoretical relationships between various electronic phases, including ferromagnetic, anti-
ferromagnetic, metamagnetic, and Pauli paramagnetic. have been summarized hy construct-
ing a qualitative clectronic phase diagram. The diagram gives the boundaries hetween the

phases in terms of the parameters n,, the numher of electrons per relevant orbital, and the

d
energy transfer integral b which appears in tight-binding collective-electron theory and in

localized-electron superexchange theory.

1IV. PHYSICS OF SOLIDS

The mechanically integrated thin-film package, previously developed for electroreflectance
studies, has now been adapted to electroabsorption. The new technique allows the simulta-
ncous measurement of both these effects and a comparison by means of the Kramers-Kronig

transforms.

Recently, it has been suggested that the plateau in the temperature variation of the conduc-
tivity of HgTe, which is ohserved in pure samples in the vicinity of 20° to 30°K, arises from
an excitonic insulator to a semimetal transition. Our measurements indicate that this pla-
teau can he attrihuted to a reasonable variation of carrier concentration and mobility with

temperature.

A system for automatically recording and processing spectrometer data has been devised,
built, and placed into operation. The system has been applied to the study of the effects of a
uniaxial stress on the impurity spectrum of phosphorous-doped silicon. The pure shear de-
formation potential, E2 =7.9 £0.2eV, measured here agrees with the value previously ob-

tained in sulfur-doped silicon.

By use of the exciton theory, which has been previously confirmed by experiment, the motion
of the Landau levels in the interband magnetoabsorption of 1nSh has been obtained. The con-
duction band Landau levels move as expected from the Bowers-Yafet theory, whereas valence

band levels do not, probably because the top of the valence band is not at k = C,

A variational trial function has been developed for the polaron problem which gives the exact
2 . . .
ground state energy through order o at weak coupling and, with computer calculations,

"variational” effective masses which are expected to be highly accurate for « < 4.

The upper limit on the number of bound states of a particle in a semidefinite nonlocal poten-
tial has been derived by a generalization of a procedure used by Schwinger for a local poten-

tial. Applications for specific potential expressions have been worked out.
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The magneto-elastic coupling of magnetic and elastic waves in magnetic metallic films has
been studied directly for the first time by means of spin wave resonance in the vicinity of
60GHz. By curve fitting in the crossover region, the magneto-elastic coupling constant,
speed of transverse microwave phonons in the film, and phonon relaxation time were

determined.

Microwave resonance results on CoCr?‘O4 as a function of temperature are being analyzed on
the basis of a modification of the molecular field model of Dwight and Menyuk. The two res-
onances observed at temperatures above the spiral spin ordering temperature (31°K) are as-
sociated with a high-frequency exchange mode and a low-frequency uniform mode; the inter-
pretation of the two resonance modes below 31°K is awaiting the results of molecular field

calculations which are presently under way.

A study of the effects of pressure, up to Skbars, on the magnetic properties of MnAs has
been initiated. The phase diagram in the region between 70° and 320°K has been mapped out

by measuring directly the magnetic moment as a function of pressure.

The Heisenberg model susceptibility has been expanded in terms of the Langevin parameter
u = £(2]J/kT) and a formal similarity with the S = 1/2 Ising model has been noted. The new
expansion permits more reliable extrapolations for one-, two-, and three-dimensional lat-
tices. Critical properties have also been calculated in terms of high-temperature expansions
for the Vaks-Larkin model, which is essentially equivalent to a lattice of isotropically inter-
acting two-dimensional unit vectors (or classical spins). The properties which have been
studied so far, namely TC, v, and «, appear to be bounded on one side by those predicted
from the one-dimensional Ising model, and on the other side by those of the three-

dimensional Heisenberg model.

A study has been carried out of spontancous and stimulated Raman emission from the lowest
optical E-vibration in a—quartz. The relaxation rate, as determined from the linewidth, is
very high, ~20 to 100 times faster than the generation rate as measured by Stokes produc-
tion. Furthermore, the phonon reabsorption rate as determined from anti-Stokes generation
is comparable to pure phonon emission near the phase-matched angle. These factors make

the observation of far infrared radiation during the stimulated Raman process difficult.

It has been found that when a mode-locked, Q-switched ruby laser is pumped hard enough to
double pulse, the second pulse contains more regular and probably higher power spikes than
the first. It is suggested that this is the cause of the high breakage rate of ruby rods in ro-

tating prism Q-switched lasers in the double Brewster configuration.

An experimental investigation of thermal self-defocusing arising from the passage of a laser
beam in an absorbing liquid cell has been initiated. The time dependence of the process is

being studied quantitatively.

The possibility of maser emission from excited OH A-doublet states has been investigated.
Trapped infrared resonance radiation, generated in the cascades following ultraviolet or
chemical pumping to higher excited states, might invert the ™ /2 and anti-invert the NS/Z
A-doublets, resulting in observable signals if an early-type star were a fraction of a light

year away from the OH.

vii



II.

III.

IV.

CONTENTS

Abstract

Introduction

Organization

Reports by Authors Engaged in Solid State Research

SOLID STATE DEVICE RESEARCH

A. High-Efficiency Pbi_xSnxTe Photovoltaic Detectors

B. Noise Measurements in Lead-Tin Chalcogenide Detectors

C. Metallic Inclusions and Low-Angle Grain Boundaries
in Pb1 Sn_Te Crystals
—IRE K
D. Imaging and Storage with Uniform MOS Structure
E. Ion Implantation

1. Equipment Modifications
2, Ion Implantation of Germanium
3. Ion Implantation of CdTe

OPTICAIL TECHNIQUES AND DEVICES

A, Stability Measurements of COZ-NZ—HC Lasers
at 10.6-pm Wavelength

B. Continuous Operation of a Sealed-Off CO2 [.aser Tube
C., 100-WwW CO2 Amplifier at 10,6 um

MATERIALS RESEARCH
A. PbSe-SnSe Pseudo-Binary System

B. Magnetic Properties of SrRuO, and CaRuO3

3
C. Pressurec Dependence of Magnetic Transitions in Spincls

D. Construction of an Electronic Phase Diagram

PHYSICS OF SOLIDS
A. Electronic Band Structure

1. Electroabsorption in Bulk Single Crystals of Germanium

2, Unusual Temperature Depcndence of Conductivity in HgTe
3. Effects of Calibrated Uniaxial Stress on Impurity Spectrum
of Phosphorous-Doped Silicon

Automatic Recording of Spectrometer Data

Analysis of l.andau Levels in InSb

Polaron Ground State Energy

Upper Bounds on Number of Bound States

for Nonlocal Potential

~N o

viii

iii
iv

xi

11
13
14

15
15
15
19
19



Contents

Magnetism 37
1. Observation of Magneto-Elastic Coupling in Metallic Films 3\
2. Magnetic Resonance in Spinel Compound CoCr‘ZO4 39
3. Magnetic Properties of MnAs 39
4. New Expansion for Classical Heisenberg Model

and Its Similarity to S = 1/2 Ising Model 41
5. Critical Properties of Vaks-Larkin Model for A Transition

in a Bose Fluid 42
Laser Scattering Experiments and Nonlinear Effects 45
1. Raman Scattering from Lowest Optical E-Vibration

in ¢ -Quartz 45
2. Mode Locking in Q-Switched Ruby IL.aser 47
3. Thermal Defocusing of Light in Liquids 48
4, Infrared Radiation Effects on OH Maser Emission 49

ix



ORGANIZATION

SOLID STATE DIVISION
A. L. McWhorter, llead

P. E. Tannenwald, Associate Head

M. J. Hudson, Assistant

SOLID STATE THEORY

H. J. Zeiger, Leader

M. M. Litvak,

Argyres, P. N.
Chinn, S. R.*
Dresselhaus, G. I,
Hamilton, D. C.
Hanus, J. G. C.
lartung, W. G.
Kaplan, T. A.

Assistant Leader

Kellev, P. L.
Kleiner, W. H.
Laandon, S. N.
Larsen, D. M.
Palm, B. J.T

Sigel, J. L.”

Stanley, I E.

ELECTRONIC MATERIALS

B. Goodenough, Leader

(3
A. J. Strauss, Associate Leader

Anderson, C.I1., Jr.
Andrews, H. 1.*
Amott, R. J.
Banus, M. D).
Batson, D. A.
Brebrick, R. ., Jr.
Button, M. J.
Delaney, E. J.
England, R. .
Fahey, R, k.
Ferretti, A,

Finn, M. C.
Ililsenrath, S.
Iseler, G. W.
Kafalas, J. A.
Kasper, II.

LaFleur, W. J.
Lavine, M, C.T
Longo, J. M.
Mastromattei, k. 1.
0’Connor, J. R.
Owens, E. B.
Plonko, M. C.
Pollard, E. R.*
Raccah, P. M.
Reed, T. B.
Roddy, J. T.
Searles, I. 1.
Smith, E. T. J.
Steininger, J. M.
Wheatley, G. .

E. . Warckois

OPTICS AND INFRARED

R. H. Kingston, Leader
R. J. Keves, Assistant Leader

Bates, D. H.
Baostick, 11 A.
Carbone, R. J.
Freed, C.
Hinkley, K. D.
Longaker, P. R.

McPhie, J. M.
Quist, T. M.
Ross, A. H. M.
Sullivan, ', M.
Zimmerman, M. D.

SOLID STATE PHYSICS

J. G. Mavroides, Leader

G. B. Wright, Assistant Leader

Brandt, R. C.
Burke, J. W.
Carman, R. L.
Dickey, D. H.
Dressclhans, M. S.1
Dwight, K., Jr.
Feinleib, J.
Feldman, B.
Fulton, M. J.
Groves, S. I
Henrich, V. E.
Johnson, K. J.
Kernan, W. C.
Kolesar, D. F.

APPLIED PHYSICS
J. 0. Dimmock, Leader

T, C. Harman, Assistant Leader

I. Melngailis, Assistant Leader

Butler, J. F.

Finne, P. C,

Oliver, M. R.*

Krag, W. L.
Melngailis, J.
Menyuk, N.
Murphy, H. C.
Nitl, K. W.
Parker, C. B.
Perry, I, 1.
Pine, A. S,
Scouler, W, J.
Stickler, J. J.*
Strahm, N. D.*
Thaxter, J. B.
Tichovolsky, k. JEE
Weber, R,

Calawa, A. R.
Carter, k. B.
Caswell, IV, H.
Clough, T. F.
Donaldson, P. 1.

Donnelly, J. .

* Research Assistant
tPart Time

fLeave of Ahsence

Foyt, A. G.

Hurwitz, C. E.
Lindley, W. T,
Matthews, W.*
Mooradian, A.
Murphy, R. A

Paladino, A, k.
Phetan, R. J., Jr.
Stillman, G, K.
Ward, J. 0. R, 11
Wolfe, C. M.

Youtz, .



TR No.

435

JA No.

2805

2939

2964

2973

299

2989

2998

3025

REPORTS BY AUTHORS

ENGAGED IN SOLID STATE RESEARCH

15 August through 15 November 1967

PUBLISHED REPORTS

Technical Report

LCAO Secular Determinant Program

D. Esterling

Journal Articles”

Spin Waves in Paramagnetic Fermi
Gases

Fourier Expansion for the Electronic

Energy Bands in Silicon and Germanium

Temperature Dependence, Orientation
Correlation, and Molecular Fields in
Second-Harmonic Light Scattering
from Liquids and Gases

The Crystal Structure of Neodymium
Monotellurooxide—NdZOZTe

Interband Magnetoreflection and Band
Structure of HgTe

A Thermodynamic Investigation of the
Compounds InBSbTez, InSb and InTe

Hall Coefficient and Transverse
Magnetoresistance in HgTe at 4.2°K
and 77°K

InSb-GaAsP Infrared to Visible
Light Converter

* Reprints available.

T Author not at Lincoln Laboratory.

L. L. VanZandt

G.F. Dresselhaus
M.S. Dresselhaus

D.L. Weinberg

S.H. Groves
R.N. BrownT
C.R. Pidgeon T

A.K.Jenat
M.B. Beverf
M. D. Banus

.C. Harman
M. Honig
18

i
I
o Trent

R.J. Phelan, ]Jr.

xi

DDC and
Hayden Nos.

12 July 1967 DDC 659749
Phys. Rev. 162, 399 (1967)
Phys. Rev. 160, 649 (1967),

DDC 662302

J. Chem. Phys. 47, 1307 (1967)

Inorg. Chem. 6, 1471 (1967).
DDC 658765

Phys. Rev. 161, 779 (1967)

Trans. Met. Soc. AIME 239,
1232 (1967)

J. Phys. Chem. Solids 28,
1995 (1967)

Proc. IEEE (Correspondence)
55. 1501 (1967), DDC 662175



Reports

JA No.

3060

3070

3080

3085

3087

3091

3126

JA No.

3038

3044

3049

3065

Polarization and Intensity of Raman

Scattering from Plasmons and Phonons

in Gallium Arsenide

Tetrahedral-Site Copper in Chalco-
genide Spinels

Current Runaway and Avalanche
Effects in n-CdTe

Observation of Exciton Fine
Structure in the [nterband
Magnetoabsorption of InSb and
Germanium

[nversion Asymmetry Effects on
Oscillatory Magnetoresistance in
HgSe

Electroreflectance Study of Inter-
band Magneto-Optical Transitions
in InAs and InSb at 1.5°K

Electron-Hole Pair Effects on
Landau Levels of InSb

A. Mooradian
A.L. McWhorter

J.B. Goodenough

Z

1.R. Oliver
. L. McWhorter
.G. Foyt

> >

E.]. Johnson

.M. Roth
.t Groves
W, Wyatt™®

=W

. R. Pidgeon”
.H. Groves
FFeinleib

—un

D.M. Larsen

UNPUBLISHED REPORTS

Journal Articles

Long-Term Operation of a Sealed

CO2 Laser

Optical Properties of the Metal

ReO3 from 0.1 to 22eV

Characterization and Structure
of LayjReg019: A New Metal
Cluster Compound

Self-Steepening of Light Pulses

* Author not at Lincoln Laboratory.

R.]. Carbone

I. IFeinleib
W.]. Scouler
A. Ferretti

J. M. Longo
A.W. Sleight”

FF. De Martini’
C.11. Townes™
T.K. Gustafson”
P. L. Kelley

Xil

Phys. Rev. Letters 19, 849
(1967)

Solid State Commun. 5, 577
(1967)

Appl. Phys. Letters 11, 111
(1967), DDC 662292

Phys. Rev. Letters 19, 352
(1967), DDC 662293

Phys. Rev. Letters 19, 576
(1967)

Solid State Commun. 5, 677
(1967)

Phys. Rev. Letters 19, 1128
(1967)

Accepted by IEEE J. Quant.
LElectron.

Accepted by Phys. Rev.

Accepted by Inorg. Chem.

Accepted by Phys. Rev.



Reports

JA No.
3078 Infrared Heterodyne Detection M. C. Teich Accepted by Proc. IEEE
3104 Shallow Donors of InSb in a Magnetic D.M. Larsen Accepted by J. Phys. Chem.
Field Solids
3107 Mode Pulling in a Stimulated Raman P.E. Tannenwald Accepted by J. Appl. Phys.
Oscillator
3108 Magnetic Properties of La gSr gCoOg N. Menyuk Accepted hy Phys. Rev.
Near Its Curie Temperature P.M. Raccah
K. Dwight
3110 A New, Widely and Continuously R.L. Carman Accepted by Appl. Phys. Letters
Tunable, High Power Pulsed Laser J. Hanus
Source D.L. Weinberg
3140 Crystal Growth, Annealing and Dif- A.R. Calawa Accepted by Trans. Met. Soc.
fusion of Lead-Tin Chalcogenides T.C. Harman AIME
M. C. Finn
P. Youtz
3161 Growth of Single Crystals of ZnTe J.M. Steininger Accepted by Trans. Met. Soc.
and ZnTej_xSex by Temperature R.E. England AIME
Gradient Solution Zoning
MS-2072 Metallurgical and Electronic Properties  A.]. Strauss Accepted by Trans. Met. Soc.
of Pbl-xSnxTe, Pb1-xSnxSe, and Other AIME
IV-VI Alloys
Meeting Speeches
MS No.
1742 Analysis of Tellurides of Lead J.C. Cornwell International Congress on Pure
and Tin by Automatic Titrations K. L. Chengt and Applied Chemistry, Prague,
Czechoslovakia. 4 — 10 Sep-
tember 1967
1943 Analysis of Distant-Neighhor K. Dwight
[nteractions in Cubic Spinels N. Menyuk
1945  NMR and Magnetization Studies G.H. Stausst
o CdCrZSe4 M'FRl_Jblm_itemT International Congress on
JK‘ De\“? T;t Magnetism, Boston, Massachu-
D setts, 10 — 16 September 1967
N. Menyuk
A. Woldf
1952 Observation of Magnetoelastic R. Weber
Coupling by Spin Wave Resonance
“Titles of Meeting Speeches are listed for information only. No copies are available for distribution.
T Author not at Lincoln Laboratory.

X111



Reports

MS No.

1954

1955

1956

1958

1961

1959

19528

19768

2011

2012

2018

1976C

1985

Localized vs Collective Descriptions
of Magnetic Electrons

Magnetic Properties of SrRuO

and Ca Ru()3

3

A lLocalized-Electron <= Collective-
Electron Transition in the System
(La. Sr)(‘,o()3

Resistivity and Magnetic Order
in Tiz(),3

Observation of Ferri- and Anti-
ferromagnetic Resonance in Insulating
Magnetic Spiral Structures

Band Structure of Nickel and Low-
Energy Optical Transitions

An Analysis of Magnetoelastic
Coupling in Magnetic Films

The Evolution of Intense Short
Pulses in Nonlinear Optical
Media

Stabilization of Trapped Beams

Stimulated Light-by-Light
Scattering

Stimulated Raman Scattering
in Quartz

The Evolution of Intense Short
Pulses in Nonlinear Optical
Media

Crystal Growth, Annealing and
Diffusion of Lead-Tin Chalcogenides

* Author nol al Lincoln Laboratory.

J.B. Goodenough

J.M. Longo
P.M. Raccah
J.B. Goodenough

P.M. Raccah
J.B. Goodenough

L.L. VanZandt
J. M. Honig
J.B. Goodenough

J.J. Stickler
H.]. Zeiger

J. Hanus
J. Feinleib
W.]. Scouler

R. Weber

P.L. Kelley
F. De Martini
.H. Townes™

C "
T.K. Gustafson™

. Kelley
. Chiao™

=7
< o=

. Chiao™
. Kelley

. Carman
. Garmire”

mm T E
ot =

P.E. Tannenwald

. L. Kelley
. De Martini”
.H. Townes™

—0m’s

.R. Calawa

.C. Harman
.C. Finn
Youtz

vz S

Xiv

"
. Gustafson

.K. Gustafson™

International Congress on
Magnetism, Boston, Massachu-
setts, 10 — 16 September 1967

Seminar, Tufts University,
22 September 1967

Third USSR Symposium on Non-
linear Optics. Erevan. Armenia,
U.S.S.R., 20 — 27 October 1967

Fall URSI Meeting, University
of Michigan, 16 October 1967

AIME, New York, 28 — 30 August
1967



MS No.

1993

2072

1996

2009

2013

2014

2075

2079

2024

2037

2049

2071

2053

Growth of Single Crystals of ZnTe
and ZnTe)-xSex by Temperature
Gradient Solution Zoning

Metallurgical and Electronic Properties
of Pb1-xSnxTe, Pbj-xSnxSe, and Other
IV-V1 Alloys

High Power and Efficiency in CdS
and CdSe Electron Beam Pumped
Lasers

Homogeneity Range and Concentration-
Pressure lsotherms of HgSe

Inversion Asymmetry Splittings
from Oscillatory Magnetoresistance
in HgSe

Low Temperature Reflection and
Electroreflection Study of Interband
Magneto-Optical Transitions in HgTe

Band and Transport Parameters
of Hg-Chalcogenides

Optical Absorption and Band Edge
Parameters of Group II-VI Semi-
conductors

The Raman Spectrum of Trigonal,
a-Monoclinic and Amorphous
Selenium

Structure of LayRegO19: A New
Metal Cluster Compound

Pbl_XSnX-SaIt Infrared Diode Lasers

An Autotracking CO2 Laser Radar

Influence of a New Chemical Bond
on the Perovskite vs Defect-Pyrochlore
Structures

* Author not at Lincoln Laboratory.

J.M. Steininger
R.E. England

A.]. Strauss
C.E. Hurwitz

R.F. Brebrick
A.]. Strauss

S.H. Groves
L.M. Roth”
P.W. Wyart”
C.R. Pidgeon”
S.H. Groves

T.C. Harman

J.O. Dimmock

A. Mooradian
G.B. Wright

A.W. Sleight”
J.M. Longo

J. F. Butler

A. Bostick
H.

H.
A.H.M. Ross

P.M. Raccah
J.M. Longo

Xv

Reports

Electronic Materials Confer-
ence, New York, 27 — 30 August
1967

International Conference on

11-VI Semiconducting Compounds,
Brown University, 6 — 8 Sep-
tember 1967

First International Symposium
on Physics of Selenium and
Tellurium, Montreal, Canada,
12 — 13 October 1967

American Crystallographic
Association, Minneapolis,
Minnesota, 20 — 25 August 1967

NEREM, Boston, Massachusetts,
1 — 3 November 1967

Molecular Dynamics and Struc-
ture of Solids Conference,
Gaithersburg, Maryland,

16 — 19 October 1967



Reports

MS No.

2095

2096

2097

2100

2112

2120

2121

2126

2132

2149

2152,
2152A

Recent Research on Spin Density

Spin Wave Resonance

Etching of Silicon Nitride Using
Thin Deposited Layers of Silicon
as an Etch Mask

The Effect of Pressure on Some
Compound Semiconductors and
Defect-Structure Metallic Oxides

Arc Techniques for Materials
Preparation and Czochralski
Crystal Growth

Raman Scattering Studies Using
Laser Sources

Nonstoichiometry of Semiconducting
Compounds

Laser Scanned Imaging and Storage
Device

A Phenomenological Theory
for Dispersion Relations in Solids

Infrared Detection and Imaging
Using an InSb-MOS Structure

Raman Scattering from Plasmons
and Phonons in Semiconductors

H.E. Stanley

R. Weber

W.T. Lindley

M. D. Banus

T.B. Reed

A. Mooradian

R.F. Brebrick

R.]J. Phelan, Jr.

G. F. Dresselhaus

J.O. Dimmock

A.L. McWhorter

Xvi

Spin and Charge Density Con-
ference, Sagamore, New York,
5 — 8 September 1967

International Colloquium on
Magnetic Films, Boston,
Massachusetts, 18 — 20 Sep-
tember 1967

Electrochemical Society,
Chicago, 1llinois, 15 — 20 October
1967

Naval Research Laboratory,
Washington, D.C., 9 October
1967

Conference on High Temperature
Technology, Asilomar, Cali-
fornia, 17 — 20 September 1967

Seminar, National Bureau of
Standards., Washington, D.C.,
26 October 1967

Materials Symposium, Univer-
sity of Missouri, 29 — 31 Octo-
ber 1967

International Electron Devices
Meeting, Washington, D.C.,
18 — 20 October 1967

Seminar, Harvard University,
25 October 1967

Seminar, Yale University,
7 November 1967

Seminar. Purdue University,

10 November 1967; Seminar,
Harvard University, 15 Novem-
ber 1967



I. SOLID STATE DEVICE RESEARCH

A. HIGH-EFFICIENCY Pbl_xSnxTe PHOTOVOLTAIC DETECTORS

Photovoltaie detectors with high quantum efficiencies and high detectivities at 12°K have
been fabricated from Bridgman-grown and subsequently annealed PbO. 8Sno_ ;Te crystals. The
p-n junetions were prepared by diffusing approximately 15-u deep n-type layers into p-type
substrates with carrier concentrations ranging from 2 to 7 X 1017 cm_3. Diffusion temperatures
ranged from 400° to 450°C, and the times ranged from 40 to 150 hours. A crushed ingot of
metal-rich PbO. 8

define the 5-mil-diameter contact to the n-type layer, and the contacts were made by plating

Sn0 ZTe was used as a diffusion source. Photo-resist masking was used to

first a layer of gold and then a layer of indium.

The properties of two PbO. BSnO. ZTC detectors are given in Table I-1. The cutoff wave-
lengths of these detectors are 13 and 17 at 77° and 12°K, respectively. At 12°K the efficiency,
defined as the number of carriers crossing the p-n junction per incident photon, is about 40 per-
cent for both these detectors. Since about half the ineident radiation is reflected at the surface,
this corresponds to an internal collection efficiency of about 80 percent. The efficiency was
measured by observing the change in the current of a reverse biased diode when the room-
temperature background radiation falling on the detector was eliminated by placing a cooled
objeet in front of the window. This gives the 300°K "black-body" efficiency up to the cutoff
wavelength. Since these diodes have response spectra at 12°K which correspond closely to the
spectrum of an ideal photon detector up to the cutoff wavelength, this efficiency corresponds
closely to the efficiency computed from the peak responsivity, which was measured in the zero
bias condition using a calibrated black-body source. The high efficiency is an indication that
the surface recombination velocity is low and that the minority carrier diffusion length in the
n-type layer is greater than the thickness of the layer.

At 77°K, the efficiency is greatly reduced. By studying the variation in sensitivity of the
detectors as a function of position on the deteetor surface, we found that the response dropped
off very rapidly with distance from the 5-mil-diameter contact; this was done by mechanically
sweeping a focused helium-neon laser beam across the detector surface. This variation is
due to the low junction resistance, which at 77°K becomes comparable to the radial resistance
of the n-type layer. Since detector 73 has a smaller area than detector 555, we can expect the
decrease in efficiency due to this effect to be smaller in detector 73. The efficiency values in
Table I-1 are econsistent with this expectation. I. Melngailis T.C. Harman

A.R. Calawa W.T. Lindley
P. Youtz

B. NOISE MEASUREMENTS IN LEAD-TIN CHALCOGENIDE DETECTORS

Measurements of the noise voltages of photovoltaic Pb1_XSn\,TQ and Pb1_ySnvS(r detectors
at 77°K show that at frequencies in the 1-kllz range the noise is dominated by the Johnson

noise of the incremental diode resistance.
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The ineremental resistance of most state-of-the-art Pbi_xSnXTe and Pbi_ySnySe detectors
when operated at 77°K ranges from 1 to 10 ochms. In this impedance range, most preamplifiers
have a noise figure which is' too high for use in measuring the detector noise. We have used a
Princeton Applied Research HR=-8 lock-in amplifier as a simple voltmeter (without a reference
signal) in eonjunetion with a type B preamplifier with an input step-up transformer ratio of
1:350. With this system, which has a rated noise figure of 1dB in the vicinity of 1 kHz, for
source impedances betwcen 1 and 10 ohms, we were able to observe the noise from detectors
with an impedance as low as 1.50hms at 77°K.

The measured detector noise voltage for an operating frequeney of 9001z was, in all cases,
in good agreement with the thermal noise voltage Vn = (4kTRAf)1 2 for the zero bias incremental
diode resistance R at the operating temperature T = 77°K in a bandwidth Af = 1 Hz. As an
additional test, a commereial resistor with the same resistance as the diode was substituted
for the detector and cooled to 77°K. The noise voltage reading agreed well with the detector
noise voltage. The detectivity of these detectors is thus limited by the expected thermal noise
rather than by noise sources assoeiated with contacts or surfaccs, as has often been the case
in polyerystalline film lead-salt deteetors. Table 1-2 shows values of measured and calculated
noise voltage as well as the previously reported peak detectivity and external quantum effieciency
of several Pbi_ySnySc detectors at 77°K.

For a photovoltaie deteetor limited by thermal noise, the deteetivity ean be shown to be
(i)

D* =

: (1)

1/2
2E, (KT)

where n is the external quantum efficiency defined as the number of carriers reaching the
p-n junetion per incident photon, RA is the ineremental diode resistance of a unit arca at zero
bias in ohms—cmz, E. is the energy per photon at the wavelength A, and T 1is the operating

temperature of the deteetor.

At a wavelength of 12 pu, the detectivity of a photovoltaic detector of unity quantum efficiency
limited by the noise due to the photon flux of a room-temperature background for a 27 steradian
aperture is about 5 X 1010cm/Wscc1 2. I'rom Eq.(1), we find that to achieve background-
limited operation at this wavelength in a unity quantum-efficiency detector at 77°K, a diode
resistance of about O.Zohm-em2 is required (20ohms for a 1—mm2 diode).

In the present diodes, the resistance at zero bias is determined by bulk leakage, possibly
dv  to metallie inclusions in the crystal. In ideal diodes in whieh the current is due to minority
carrier injection, the detectivity is limited by the reverse saturation current JO, sinee in such
diodes Rp = kT/qJO. If, for example, the diode current is largely due to electrons, then Rp =
(k'I"re/q"’nOZp(‘)1/2 where n, is the equilibrium density of electrons in the p-region, o is the
eleetron mobility, and e is the eleetron lifetime.

FFor an alloy whose energy gap at 77°K is 0.1 eV (peak photoresponse at about 12 p), ng is

-3 N . 16 - . .
about 1010(‘m for a majority hole eoncentration of 10" c¢m ~. TFor a typical mobility of
2 o - 2 g ;
2 % 104 em /Vsec and a lifetime of 10 8sec, RA ~ 40ohms-cm . This gives an estimate of
1012 cm/W see1/2 for the maximum achievable detector-noise limited I);\:, if the quantum
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Fig. 1-1. Etched sample from last-ta-freeze end
af Pby_xSnyTe crystal A=2. Unannealed; linear
magnification = 31,

Fig. 1-2. Etched sample fram last-to —freeze end
of Pby_,Sn,Te crystal A-2, After anneal; linear
magnificatian = 31.

[ -ss-6356 |

Fig. 1-3. Etched sample fram first-ta-freeze end
of Pby_xSnyTe crystal A-2. Unannealed; linear
magnificatian = 100.
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efficieney is assumed to be unity. For a diode in whieh hole injzetion predominates, the result
would be nearly the same since the hole parameters in these materials are nearly the same as
the electron parameters. i

p 1. Melngailis

C. METALLIC INCLUSIONS AND LOW-ANGLE GRAIN BOUNDARIES

IN Pbl-xsnxTe CRYSTALS

Eleetrolytie etehing has revealed the existence of metallic inclusions and low-angle grain
boundaries in some Bridgman-grown erystals of Pbi_XSnx’I‘v. The etching solution,1 which
consists of 20-g KOH, 45-ml HZO, 35-ml glyeerin, and 20-ml methanol, was used at room
temperature and was stirred during the etehing process. Current densities (with Pb1_x5nx’l‘o
samples at the anode) were about 0.5 A/em2 for showing the presenee of metallie inelusions,
and 0.05 A/em2 for revealing low-angle grain boundaries. The samples were rinsed in distilled
water immediately after the etch.

Pb _XSnX’I‘e crystal A-2 was grown from a liquid with excess metal. The weighed-out

1

proportions corresponded to the composition (Pb0.7OSnO.30)0.5063Teo.4937.

ingot, it was estimated that during crystal growth 7mg of Te was present in the vapor space

I'or the 400-g

above the liquid. From electron microprobe and Hall coefficient measurements, the first-to-

0.80°10.200.499T€0. 501"

Pbi_\.Sn\.To crystal A-4 was grown from an excess Te liquid in which the weighed=-out propor-

freeze solid composition was determined to be approximately (Pb

tions corresponded to (Pb0.705n0.30)0._}9T00.51.

Iigure 1-1 shows the surface of an etched sample of Pb Te crystal A-2 in which the

0.850.2
inclusions are evident. The inelusions were only slightly affected by etehing and remained as
protuberances on the deeply etched semiconductor surface. This sample was obtained from
the region near the last-to-freeze end of the crystal. Electron mieroprobe measurements
showed that the inelusions were composed of a Pb-5Sn alloy and, within the error of the meas-
urements, contained no Te. Figure I-2 shows an etched sample taken from the same region
of crystal A-2 but which had been isothermally annealed at 850°C for seven days with a metal-
0.8%0.2)0.5125T €0 4875°
density of inclusions but greatly increased their average size. Samples acquired near the first-

rich powder of composition (Pb The annealing has decreased the
to-freeze end of crystal A-2 exhibited only a few metallic inclusions. Etching these samples
at low-current densities caused a mosaic pattern to form on the surface, as shown in Fig. [-3.
This is believed to be due to preferential etching at low-angle grain boundaries.

J. I'. Butler
T.C. Harman

D. IMAGING AND STORAGE WITH UNIFORM MOS STRUCTURE

Radiation sensitive characteristics of a uniform InSb metal-oxide-semiconductor structure
have been used to detect images. By rapidly optieal seanning this structure with visible light
of 0.63 u, we have detected infrared images due to 5-u radiation. 1n addition, information ean
be read in and stored {(or "photographed") by using 1-u radiation, nondestructively read out
with 5-u radiation, and erased with 0.25-pu radiation. Here we diseuss sonie of the results we

obtained, along with some of the underlying prineiples. The prineiples to be disecussed are
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not limited to the usc of the InSb MOS structure with its characteristic wavelengths, nor the
use of a laser for the optical read-out.

The InSb structure consists of a semitransparent metal film-oxide layer-InSb sandwich.

We have previously reported the structure details and the fact that the depletion region in the
InSb at the oxide interface could be used as a high quantum efficiency infrared detector.'2 We
also pointed out in the initial report that large area, uniform detectors could be fabricated using
an anodization process and a thin metal film evaporation. Hecre we discuss three effects of
radiation at different wavelengths which occur in this structure, and indicate how these effects
can be used for detecting images. These three effects are (1) the photovoltaic response of the
depletion region in the InSb, (2) the charging of electron states in the oxide or at the InSb-oxide
interface by radiation in the vicinity of 1 u, and (3) the modification of these states by ultraviolet
radiation, possibly through the induced photoconductivity of the oxide.

To detect infrared images in the vicinity of 5u, wc need only consider the photovoltaic
response of the InSb depletion region. Operation in this mode depends on the nonlinear photo-
responsc of the detector which allows the infrared image to influence the signal generated by
a scanning laser beam. For an idcal diode, the opecn-circuit photovoltage is proportional to
the logarithm of the photocurrent. With this nonlinear response, a scanning laser beam can
in cffect saturate a spot on the detector. Electrical isolation from the other arcas is provided
by the observed high resistivity of the semiconductor depletion region. With no image on the
detector, each spot yields the same signal to the external load as its voltage across the depletion
region is driven to the saturation value. If the scanning laser beam remains on the activc area
of the detector, no currcnt flows in the circuit because the dctector is capacitively coupled to
the load and beccause the external circuit sees no change of photovoltage as thc beam passes
across the uniform detector. Should an infrared signal be incident on an elemecnt of the detector,
this element will contribute less response voltage as the laser scans across it, since there will
be less voltage change in driving the element to saturation. This unbalancc is detected in the
external Ioad. Infrared images have been displayed by synchronizing the horizontal and vertical
sweeps of an oscilloscope with the scanning beam and modulating the intensity with the dectector
signal. By adding the signal to onc of the scanning axes, one can obtain a threc-dimensional
plot for a quantitative record.

Figure I-4 is a photograph of an oscilloscopc display of an infrared imagc formed by the
above method. For these results, the InSb structure was cooled to 77°K. The infrared image
focused on the structure was confined to radiation in the 4- to 5-u interval at an incident power
density of 100 pW/cmZ. The letters of this image werc 3 mm high on the dectector which had an
active diameter of 2cm. To scan the detector, we used a 1-mW, 0.63-p, helium-ncon laser
focused to about a 0.3-mm spot. The lascr was scanned vcrtically at 1 kHz and horizontally
at 10Hz, and yielded a reasonably continuous display on the oscilloscope.

Although a number of biasing schemcs for enhanced signals could be contrived, in the
system used for obtaining the infrared image of Fig.1-4 we applied no bias, but relied on the
ficld-effect bias of the trapped charge in the oxide or at the semiconductor-oxide interface.

In fact, the scanning helium-neon laser enhances the amount of trapped charge and fixes it at

a steady-state value. This effect of charging up these states, which occurs for wavelengths
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Fig. I-4. Oscilloscope display of infrared image.

less than 1.5 u (Ref. 3), can also be used to store images. If the MOS structure made with n-type
InSb is eooled in the dark, it has very little photoresponse to 5-p radiation. If we then form

an image on the detector using radiation of wavelengths in the neighborhood of 1 u, the photo-
response will build up at the locations of the image. The infrared image can then be non-
destructively read out using the 5-p response of the resulting depletion regions in the semi-
conductor substrate. This image can be retained for periods in excess of an hour and then
erased by raising the detector temperature.

The stored images can also be erased by saturating the entire detector using the 2537-A
radiation from a mercury lamp. This modifies the electron population of the interface states
such that all elements of the detector are brought to the same responsivity. Iollowing this
treatment, a 1-p image can again be focused on the deteector and read out by seanning with 5-p
radiation. The ultraviolet radiation corresponds to energies greater than the bandgap of the
separate indium and antimony oxides, and probably greater than the eorresponding gap of the
mixed oxide of our present anodized strueture. We believe that in a strueture with a 500-A
thick oxide, the ultraviolet radiation allows some of the trapped charge to be released. One
possible meehanism for aecomplishing this eould be through the induced photoconduetivity of
the oxide. For device operation, the important thing is that the photoresponse of a region of
the deteetor to 5-p radiation is different depending on what radiation has previously been
incident on the detector. The response is different if the element has been equilibrated with
1-p radiation than it is if the element has been equilibrated with 2537-A radiation. Since this
is the case, it is also evident that one eould interchange the roles, reading an ultraviolet image
and erasing with diffuse 1-p radiation.

Above, we used n-type InSb. 1f we use p-type InSb, we obtain a negative of the image of the

preceding paragraph. When cooled in the dark, the p-type strueture shows a response to 5-n
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radiation, but regions exposed to the 1-u radiation lose their response. These results are con-
sistent with previous publir—ations3’4 which concluded from measurements of the surface con-
ductance of InSb that illumination of a p~type sample can change the surface from an n-type
inversion layer to a p-type accumulation layer. With our present structure, illumination with
1-u radiation yields a photovoltage of a polarity indicating a negative charge transfer from the
InSb toward the oxide. This photovoltage can be observed at room temperature and is of opposite
polarity to the photovoltage developed by the depletion region in the n-type InSb due to 5-p
radiation. This charge is evidently trapped at low temperatures and causes the field-effect
depletion in the InSb. 1n addition, with the thin 500-A thick oxide we can observe the ultraviolet
photoconductivity of the oxide and a further modification of these trapped charges.

R.J. Phelan, Jr.
J.O. Dimmock

E. ION IMPLANTATION
1. Equipment Modifications

Several major equipment modifications have bcen made in the 400-kV Van de Graaff gener-
ator system used to implant heavy ions in semiconducting crystals. Those modifications have
been primarily in the vacuum system and in the ion source. The original 2-inch oil diffusion
pump was replaced by a turbo-molecular pump which provides a larger pumping capacity and
reduces the problem of oil contamination in the drift tube. In addition, an 80-liter/sec Vac-lon
pump was installed directly beneath the samplc chamber. The ion source has been modified by
replacing the RF oscillator with a more powerful, 90-W, 100-Mllz unit, replacing the original
plasma bottle with a longer unit, and using an electromagnet to provide the magnetic field for
the plasma. The original thermo-mechanically controlled leak for metering the source gas into
the discharge tube was replaced by an entirely mechanical leak. The additional power required
by the oscillator and electromagnet was provided by replacing the original 300-W alternator in
the high-voltage terminal with a 500-W unit.

W ith these alterations, the modified Van de Graaff generator has operated stably for several
5-hour runs, delivering 1 pA of As+ ions from a source of ASH,), at drift tube and sample cham-
ber pressures of 107 torr or less. A-.G. Fogt R D iy

J.P. Donnelly J.H.R. Ward

2. Ion Implantation of Germanium

We previously reported the conversion of p-type germanium to n-type by implantation with
400-keV phosphorus ions.5 With the modified accelerator system described above, further
implants of germanium have been performed using arsenic and nitrogen ions, Wafers of
10-ohm-cm p-type germanium were prepared by etch-polishing. For implantation, the wafer
was placed on a molybdenum sheet on a copper heat sink and partly covered by a molybdenum
mask. A DC bias of + 90V was applied to the sample holder to reduce the secondary electron
emission and thcreby permit an accurate measurement of the ion current.

A beam of arsenic ions, with a current density of 1 pA/cmZ, was obtained by RI" excitation

of arsine (AsH3). Scventeen implants were performed at 400keV with doses ranging from
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2 X 1012 to 1.6 X 1016ions/em2, and target temperatures ranging from 20° to 500 °C, Two
types of annealing schedules followed the implants: the first involved 10-minute anneals at
various temperatures in a flowing hydrogen gas environment; the second consisted of placing
the implanted wafers in an evacuated spectrosil ampoule and inserting the ampoule in a fixed-
temperature (490°C) furnace for various lengths of time. Thermal-probe tests and Hall effect
measurements using the Van der Pauw technique were performed after each annealing step.

All the 400-keV arsenic implants with the germanium wafers at room temperature required
post-implant annealing to produce conversion to n-type conduetion. The unimplanted region
shows a relatively constant hole concentration independent of annealing. The implanted region
also indicates a substantially constant hole concentration to an annealing temperature of 350°C;
however, after the 450°C and higher temperature anneals, the Hall coeffieient beeomes negative,
indiecating a conversion to n-type conductivity. The maximum electron coneentration measured
is only slightly below the implanted ion concentration. Most of the implants performed with the
germanium wafers elevated to temperatures in the 450° to 500°C range produeed n-type con-
ductivity immediately.

A number of implantations of Nt in germanium were also performed. The results obtained
to date are inconclusive, other than indicating that it is more difficult to obtain type eonversion
in germanium by implantation of Nt ions than it is by implantation of either Pt or As+.

E.D. Hinkley
W. Matthews

3. Ion Implantation of CdTe

CdTe has been bombarded with the Group V elements, N* and As*, which should be p-type
dopants. Sample temperatures during implantation have ranged from 4.2°K to 400°C. Si()2
masking was used for temperatures over 250°C to prevent the loss of Cd from the sample
surface. Most recent experiments have been performed at the elevated temperatures. Various
post-annealing proecedures have been used, including hot-stage annealing with SiOZ masking,
and ampoule annealing with either excess Cd, CdTe powder, or both.

To date, the Nt implantation has given no indieation of converting CdTe. On the other hand,
Ast has shown some promising results. Two samples have shown p-type conversion in the
implanted layer in both thermal-probe tests and Van der Pauw measurements, whereas the un-
implanted seetions of these samples were unchanged. Materials problems (especially inhomo-
geneities in the starting material), however, have hampered the reproducibility of these results.
A CdTe annealing program has been initiated to achieve homogeneous starting material.

J.P. Donnelly
A.G. I'oyt
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II. OPTICAL TECHNIQUES AND DEVICES

A. STABILITY MEASUREMENTS OF COy-No-He LASERS AT 10.6-pm WAVELENGTH

Measurements of the short-term Stability1 of the beat frequenc V_Z,S of two stable, single-

frequeney (TEM_  mode) CO2-Nz-He lasers have been continued with improved versions of

the lasers dvborl’ggd previously.4'5 Typical Fourier speetra of the beat frequency resembled
the diserete line speetrum of a earrier frequeney modulated by narrow-band disturbances. The
width of the earrier and the dominant sidebands were generally less than the 10- or 20-11z reso-
lution limit set by the spectrum analyzer, while the total width of the speetrum occupied by all
the dominant sidebands was often less than 400 and 200Hz for observation times of 0.1 and
0.05see, respeetively. This stability represents eonsiderable improvement over any stability
data previously reported for the 10.6-um CO, laser.

It is well known that the frequeney of the laser ean be affected by changes in gain. Such
gain variations may result from changes in discharge current, or changes in the wall tempera-
ture of the diseharge tube, ete. I‘or instance, the beat frequency eould be easily tuned (or fre-
quency modulated) by ehanging (or modulating) the power supply voltage, and therefore the dis-
eharge eurrent. A typical frequency-pulling figure of 10kllz/volt was observed at the particular
operating point of the laser during sueh measurements. Since the €0-Hz peak-to-peak power
supply ripple, whieh resembled a noisy square wave, was on the order of T volt, we may
expeet the beat note of the lasers to be frequeney
modulated at the 60-FHz line frequeney, with a
peak deviation of about 100t1z. If Af denotes
the peak frequeney deviation of the carrier (beat
frequeney), then the resulting modulation index
Af/f would be on the order of one.

Iigure [I-1 shows a beat frequency spectrum
which is dominated by sidebands caused by such
frequeney modulation at 60Hz. Note that the
speetral widths of the earrier (beat frequency)
and the dominant sidebands ecaused by the 60-11z
modulation fall within the 20-1{z resolution limit
of the spectrum analyzer. This indicates a laser
stability on the order of 5 X 1()_“ for an obser-

vation time of 5 X 10_2 see if we disregard the

€0-Hz modulation eaused almost entirely by the

Fig. 11-1. Beat frequency spectrum af twa power supplies used in these measurements.

. ; ; - 5%10-2 .
|ose'rs. abservatian hmée =35X10 b However, even including the 60-Hz/sec modula-
harizantal scale = 10° Hz/cm; vertical

scale = linear; resalutian = 20 Hz. tion, the total width of the beat frequency spee-

trum would still be only about ten times greater.
Another form of instability appeared as relatively slow beat frequency drifts baeck and forth

at rates varying between tens and hundreds of hertz per second. These drifts were most probably

11
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Fig. 11-2(a). Beat frequency spectrum of two losers: observation time = 107! sec;

horizantal scale = 5 x 102 Hz/cm; verticol scale = lineor; resolution = 10 Hz.

sl
i,
Ll
HE

Fig. 1-2(b). X5 mognificotion af center portian af Fig. 11-2(a): observatian time =
1071 sec; horizontol scale = 102 Hz/cm; vertical scale = lineor; resalutian = 10 Hz.

Fig. 11-3. Spectrum onolyzer display of beat frequency af twolasers:
film expasure time = 4 sec; horizontal scale = 2 x 103 Hz/cm; vertical
scale = linear; scanning rate = 60/sec.

12
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eaused by gain dispersion due to ehanges in the wall temperature of the discharge tubes, and by
slow ehanges in power-supply voltages. No serious attempt was made to use either stabilized-
temperature and bubble-free eoolant or stabilized-temperature power supplies. Figure 11-2(a)
shows the beat frequeney speetrum for an observationtime of 0.1 see with an analyzer resolution of
10Hz. Figure II-2(b) shows a X5 magnifieation (100-Hz/division horizontal dispersion) of the een-
ter portion of Fig.11-2(a). It is rather elear from Figs. II-2(a) and (b) that the modulation caused
by the slow drift and by the line frequeney ripple are of the same order of magnitude. However,
it should be noted that the slow drift was not monotonie, and the maximum drift in the beat fre-
queney did not exeeed 2 to 3 MHz during a full 8-hour working period. Also, this long-term sta-
bility was aehieved after only a few minutes warmup, with both lasers exposed to the normal lab-
oratory environment on a non-shoek-mounted table, and with ordinary tap-water eooling.

Figure II-3 illustrates the effeet of drift upon the beat frequeney speetrum for an observa-
tion time of 4see. The total frequeney exeursion in this figure ecovers less than 3 klHlz for the
4-see film exposure.

The stability measurements deseribed here were performed during working hours in a fairly
normal laboratory environment on the seeond floor of a building. The lasers were in an aeous-
tieally shielded box on a heavy granite slab, but the table was not shoek mounted on the usual air
mounts. 1t is believed that the present measurements indieate that another order-of-magnitude
improvement in stability eould be aechieved relatively easily with further improvement of environ-
mental eonditions. Thus, it may well be possible to measure the effeet of quantum noise on laser
stability with the lasers used in these experiments. Caleulations indieate that the linewidth im-
posed by quantum noise upon these lasers is of the order of 10 Hz near the threshold of oseillation,

Both lasers used in these measurements were sealed off and free running without any feed-
baek stabilization. The power output of eaeh laser was of the order of 1; W, operating in a sin-
gle TEMooq mode, This power output remained stable even after hundreds of hours of opera-
tion, and no problem arose from either multimoding or transition jumping. The detailed con-
struetion of these lasers was deseribed previously.4’ 2 The improvement in stability reported
here is attributed mainly to the use of heat-treated and stabilized superinvar rods, and some ru-
dimentary magnetie and thermal shielding of these rods. The eoeffieient of thermal expansion
of the superinvar is at least an order of magnitude better than fused quartz, and passes through

zero near room temperature.
C. Freed

B. CONTINUOUS OPERATION OF A SEALED-OFF CO2 LASER TUBE

A 5-W sealed-off CO2 laser tube was operated eontinuously with eonstant eharacteristies for
1088 hours, at whieh time the test was terminated beeause the NaCl Brewster windows were
destroyed by water vapor. This laser was mentioned in the preeeding Solid State Researeh
Report,t at whieh time it had operated tor 968 hours. A gas sample was taken from this tube at

1088 hours and the analysis showed that 92 pereent of the initial eoneentration of (,‘()2 still

tSolid State Research Report, Lincoln Laboratory, M.ILT. (1967:3), p. 21, DDC 661275,
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remained in the tube, and the major impurity hydrogen was less than 1.5 percent of the total gas
concentration. When the tube was disassembled, close inspection of the interior of the nickel
cathode indicated a light coating of NiO and carbonates, but generally the cathode appeared al-
most unused. Except for the hydrogen impurity and its effect on changing the optical output side
radiation, the tube probably would operate much greater than the 1000-hour interval. Mainte-
nance of the COZ concentration over the indicated time interval has shown that a nickel cathode
operated at greater than 300°C will act as a catalyst in converting the CO and O2 formed in the

discharge back into COZ'
R. Carbone

C. 100-w C02 AMPLIFIER AT 10.6 um

A 9-meter amplifier composed of three equal-length tubes with bores of 20, 25, and 30mm
is being constructed for use as a 10.6-pm transmitter. The 25-mm bore tube which is complete
has a small signal gain greater than 8 db, which is the estimated gain used in designing this am-
plifier. Initial measurements indicate that no beam distortion takes place when traversing the

tube with a low-power beam.
R. Carbone
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III. MATERIALS RESEARCH

A. PbSe-SnSe PSEUDO-BINARY SYSTEM

Because of current interest in the electronic and optical properties of the Pbi_xSnxSe alloys,1
the PbSe-SnSe system has been investigated by differential thermal analysis. The thermal ar-
rests obtained in this investigation are listed in Table III-1, and the eutectic phase diagram based
on them is shown in I'ig. II1-1, where the eutectic temperature is 870 °C. A complete series of
solid solutions cannot be formed, since PbSe has the cubic B1 (rocksalt) structure, while SnSe
has the orthorhombic B29 structure.

The liquidus and eutectic arrests given in Table III-1 and Fig. III-1 were obtained by cooling
curves on initially molten samples. The solidus arrests were obtained from heating curves on
solid samples prepared by melting the elements in evacuated fused silica ampoules, quenching
in air, crushing, and then homogenizing by annealing in evacuated ampoules for about two weeks
at 800 °C. (Figure III-1 also shows several solidus points obtained by electron microprobe anal-
ysis of ingots produced by directional fr*eezing.2 The position of each such point is given by the
composition of the first-to-freeze portion and the liquidus temperature corresponding to the
initial melt composition.)

As shown in Fig.IlI-1, there is a considerable separation between the liquidus and solidus
curves for the rocksalt-structure alloys in the PbSe-SnSe system. For the orthorhombic alloys,
the separation between liquidus and solidus appears to be negligible, since the eutectic temper-
ature is only 2°C lower than the melting point of SnSe. This is consistent with the observation
that ingots prepared by directional crystallization of melts containing 76, 80, and 90 mole-percent
SnSe were uniform in composition along their length to within the error of electron microprobe
analysis, which is estimated to be +3 percent of the measured composition.

According to the thermal analysis results, at the eutectic temperature the solubility of PbSe
in SnSe is 24 mole-percent, in excellent agreement with the value of 25 mole-percent obtained by
Krebs, Grun, and Kallen3 from x-ray data on samples annealed at 480° to 500 °C. The solubility
of SnSe in PbSe at the eutectic temperature is 52 mole-percent, compared with the value of 43
mole-percent determined by Krebs, Griin, and Kallen3 for samples annealed at 550" to 580 "C.

It is assumed that this difference is due to the decrease in solid solubility with decreasing tem-
perature, and the phase boundary of the solidus has been drawn in Fig. III-1 as a straight line
consistent with both solubility values.

A.J. Strauss

B. MAGNETIC PROPERTIES OF SI‘RuO3 AND CaRuO3

In a recent study of the perovskites SrRuO3 and CaRuO3, it was found4 that SrRu()3 is fer-
romagnetic, with TC = 160 °K, that CaRuO3 has a negative paramagnetic Curie temperature
ep = —125°K, and that both compounds are good conductors (p ~ 1073 ohm-cm) with positive
temperature coefficients of resistivity. These observations led us to make a further investiga-
tion of the two compounds. Our interest was aroused by three considerations. (1) These ma-

terials were expected to offer a good opportunity for studying band magnetism, since their
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TABLE 111-1
THERMAL ARRESTS IN THE PbSe-SnSe SYSTEM
(-]
Composition Temperature (°C)
(Mole~Percent SnSe) Liquidus Eutectic Solidus
0 1085 - -
10 1064 - 1023
20 1036, 1038 - 990
30 1011 - 949
35 998 - 933
40 980, 984 5 909
45 967 - 895
50 953 867 =
60 921 868 -
70 890 870 -
80 870 - —
90 870 - -
100 872 - -
_—
\\ O  COOLINGY THERMAL
_A\A & I HEATING [ ANALYSIS
5} A DIRECTIONAL FREEZING
I \
1000 = \ 0\0
& \8 LIQuID
N
© 0\0
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Fig. Ill-1. Phase diogram of pseudo~-binory PbSe-SnSe system.
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conductivity appeared to be due to collective rather than Iocalized electrons ) Although both
compounds have the same number of 4d electrons, one was found to be ferromagnctic and the
other to have antiferromagnetic interactions. (3) The ferromagnetic moment measured for
SrRuO3 was lower than the value for the spin-only atomic moment of low-spin Ru‘“ ions having
localized 4d electrons.

Our measurements of the magnetic susceptibility of CaRu()3 at fields up to 17 kOe essentially
confirmed the earlier r'esults4 for this compound, which covered the temperature range between
77° and 1000 °K. In order to look for evidence of a Néel temperature TN’ the measurements
were extended to 4.2°K. Data for a powdered sample are given in Fig. 11I-2(a-b) which shows a
pl(;t of magnetization o at 4.2 °K against applied field }Ia, and a plot of reciprocal susceptibility
X = against temperature. The latter gives clear evidence for a TN = 110° £ 10 °K, although a
well-defined minimum in x_i is not observed becausc of the occurrence of a small parasitic
ferromagnetism at low temperatures. Such ferromagnetism is commonly exhibited by antifer-
romagnetic oxides with orthorhombic perovskite structure, The value of the parasitic ferro-
magnetism %, at 4.2°K is found to be (3.2 £ 0.4) X 10—2emu/g by application of the usual relation-
ship o = o + xH_ to the data of Fig. 1ii-2(a).

Initial measurements on a powdered sample of Sr‘RuO3 confirmed the earlier4 observation
of a ferromagnetic moment considerably smaller than the spin-only atomic moment of low-spin

4+ . : , : o
Ru  ions with localized 4d electrons. There are thrce possible origins for such a reduced
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Fig. 111-2, Magnetic praperties af powdered sample of CaRuO3.

(a) Magnetization o at 4.2°K vs applied field H; (b) reciprocal
magnetic susceptibility x =} vs temperature.
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moment: (1) the moment is due to localized 4d electrons, but is decreased by a large crystalline
anisotropy which results because the electrons have a relatively large spin-orbit coupling pa-
rameter; {2) the spin configuration is complex, consisting of a ferromagnetic and an antiferro-
magnetic component; (3) SrRuO3 is a band ferromagnet which has holes in both the spin-up and
spin-down bands, in unequal numbers. Since single crystals of SrF(uO3 were not available for
anisotropy measurements, an attempt was made to decide between these three alternatives on
the basis of data for powdered samples obtained by magnetization measurements at high applied
fields and by neutron diffraction experiments.

Magnetization measurements at fields up to 125 kOe were made by S. Foner at the National
Magnet Laboratory, M.I.T. He found a ferromagnetic moment of 1.55 kg per molecule at 125 kOe
and 4.2°K, compared with the moment of ZuB expected for Ru4+ ions with localized electrons.
Surprisingly, the magnetization does not appear to be saturated even at the highest fields. This
lack of saturation cannot be due to spin canting alone, since ¢ does not vary linearly with lla
in the high-field region. Further, do/dlla at 125 kOe is considerably larger than the slope found
at similar fields for metallic iron, where the change in o is apparently due to a change in the
relative populations of spin-up and spin-down bands. This result suggests the prescnce of a
large crystalline anisotropy, or of 4d bands that are much narrower than the 3d bands of iron,
or both.

In oxides with localized 3d electrons, a large crystalline anisotropy is generally associated
with a distortion of the cationic interstice from cubic symmetry due to ordering of the electrons
among the localized orbitals. Bclow a magnetic-ordering temperature, there is a cooperative
distortion of thc entire crystal that can readily be detected by x-ray diffraction. X-ray measure-
ments on Sr RuO revealed no such distortion below TC. This observation supports the hypothesis
that the apparcntly metallic conductivity is due to collective rather than localized 4d electrons,
However, if there should be a large crystalline anisotropy, its origin would be unknown,

In order to determine whether the reduction in the ferromagnetic moment of Sx‘l{u()3 is due
to an antiferromagnetic component in the ordered spin configuration, neutron-diffraction data
were collected at the M.I.T. nuclear reactor. A comparison of the diffraction patterns for room
temperature and 4.2 °K shows that there are no new peaks at 4.2 K, and that only the first peak
is significantly lower in intensity at room temperature than at 4.2°K. These observations are
consistent with a simple ferromagnetic ordering of the atomic moments on the Ru ions. In good
agreement with the value found by the magnetization measurements, a ferromagnetic component

of 1.4 £ 0.4 hp per Ru atom was calculated from the intensity differ enoe for the first peak, using
the theoretical form factor for a 4d ion obtained by Wilkinson, et al for Y\Io3+.

On the basis of all the above observations, we conclude that SrRuO3 and probably CaRuO3
exhibit collective-electron rather than localized-electron magnetism, and that there is a suf-
ficient molecular field to make the Curie-Weiss constant approach a localized-electron value,
We attrlbute the difference in magnetic order between SI‘RLIO and (‘aRuO to the influence of
the A ions on the widths of the (RuO ) ” 4d bands and hence on the relatlve hole populations
of the spin-up and spin-down bands. The presence of holes in both bands presumably accounts
for the ferromagnetism of SrRuO3. Since a Ca-0O bond would have more covalent character than
a Sr-0O bond, the 4d bands should be narrower in CaRuO3 than in Sr‘RuO3 (Ref. 6). This trend
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would be consistent with the fact that SrFeO3 (which has the same number of outer 3d electrons

as the number of 4d electrons in Sr‘RuO3 and CaRuO3) is antiferromagnetic below T,\. ~ 130 °K

(Ref. 7), since the 3d bands in SrFeO3 should be narrower than the 4d bands of Sr‘RuO3 (Ref. 8).
J. M. Longo

P. M. Raccah
J. B. Goodenough

C. PRESSURE DEPENDENCE OF MAGNETIC TRANSITIONS IN SPINELS

The Curie temperature TC has been measured as a function of hydrostatic prcssure up to
6 kbars for the magnetic spinels CuCrZS4, CuCrZSe4, and CdCrZSe4. Both CuCr‘ZS4 and
Cu(‘.rZSc4 exhibit metal-like electrical behavior (the resistivity is small and has a positive
temperature coefficient), whilc (‘dCr‘ZSe4 is a semiconductor. In all thrce cascs, 'I‘C decreases
linearly with increasing pressure over the pressure range investigated. The measured values

of dTC/dP are listed in Table III-2.

TABLE 111-2

PRESSURE COEFFICIENTS
OF THE CURIE TEMPERATURE IN SPINELS

T ot 1 atm dTC/dP
Compound (°K) (deg/kbar)
CdCr25e4 133 -0.85
CuCr25e4 429 -0.45
CUCr254 375 -1.39

For Cd(‘,rZSc4, the negative sign of dTC/dP indicates that a reduction in lattice size in-
crcases thc antiferromagnetic direct superexchange interaction between B-sites more rapidly
than it increascs the ferromagnetic 90 ° superexchange interaction between these sitcs.

The same mechanism is presumably operating in the two spinels containing Cu. In this
case, however, the situation is complicated by the presence of band electrons, which can also
give risc to a negative pressure coefficient. The magnitude of the cffect duc to band electrons
should be similar in the two compounds. Thcrefore, the fact that the absolutc value of dTC/dP
is about three times as great for CuCrZS4 as for CuCr‘ZSe4 indicates that the magnitude of
dTC/dP is primarily determined by the superexchange interactions involving thc localizcd
B-site moments. This conclusion is consistent with the fact that the compound with smaller
cell size (CuCrZS4) has the larger absolute value of dTC/dP.

J. A. Kafalas K. Dwight, Jr.
N. Menyuk J.B. Goodenough

D. CONSTRUCTION OF AN ELECTRONIC PHASE DIAGRAM

It now appears possible to distinguish at least four general clectronic phases: (1) local-

ized electrons, (2) collective electrons exhibiting a spontaneous magnetic ordering at lower
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temperatures, (3) collective, normal-conducting electrons having no spontaneous magnetization,
and (4) collective, superconducting electrons. It is therefore meaningful to construct a quali-
tative electronic phase diagram as a function of suitable physical parameters to guide future
experimentation,.

Two obvious parameters are temperature T, and the number of electrons per relevant
orbital ny. The notation ng reflects the fact that, in general, only outer d electrons are inter-
mediate in character, being localized in some crystals and superconducting in othcrs. A possible
third parameter is the ratio b/U, where b is the one-electron transfer integral appearing in
tight-binding collective-electron theory (bandwidth Wb ~ b) and in localized-electron supecrex-

change theory (exchange energy J ~ bZ/U). The Coulomb energy
2 2 2
u=(le % vie @7 ;  V=(er,)expl-ir,,] (1)

contains a screening term ¢ = ¢(b), so that it may be expectcd to decrcase rapidly with increas-
ing b through the range of b of critical intercst. This means that the pcrturbation superexchange
energy ~b2/U increases rapidly with increasing b, breaking down at some critical value bo that
is sharply defined. It also suggests that the transfer energy b, rather than the ratio b/U, should
be taken as the third significant physical variable.

The Stoncr criterion for spontaneous band magnetism is

U - N(EF)Zi (2)

where the density of states at the I'crmi surface, N(EF), not only depends on ny and the band
shape, but also is inversely proportional to the bandwidth \\'b ~ b. Thus, again, the critical
variable is b/U, which decreases rapidly with increasing h through the critical bm’ and it is
reasonable to anticipate that the interval bc <b < bm is relatively small. Presumably, this is
the reason that spontaneous band magnetism occurs rarcly among the elements of the periodic
table.

lor

Two physical conditions must be distinguished: an integral n,, and a nonintegral n

d’ d’
ng = 0 or 2, the relevant orbitals are cither empty or filled. Thereforc, the only nontrivial

intcgral ny is n, = 1, corresponding to half-filled orbitals. I'rom the rules for superexchange,

overlapping hal?—filled localized orbitals couplc antiferromagnetically. From the narrow-band
Jahn-Teller theorem, spontaneous magnetism among collective electrons in a half-filled band
gives antiferromagnetic order. Thus, there is no discontinuity in the magnetic order on going
from b < bc tob > bc' llowever, the Néel tempcrature is TN ~ bZ/U for b < bc’ whereas TN
deccreases continuously to zero with increasing b throughout the range bc << bm. Finally,
the superconducting transition temperature Tcs’ which is proportional to N(EF) ~ 1/b where

U ~ 0, can be expected to rise fairly steeply to a maximum value with increasing b for b > bm,
as shown schematically in Fig. [II-3. Schematic energy diagrams corresponding to different
values of b are shown in Fig. III-4(a-d).

For a nonintegral n, = 1 + ¢, the c itinerant electrons or holes couple the localized clectron

d
per orbital ferromagnctically via double exchange, wherc ‘p cb cos(©/2). Since the super-
exchange energy is ~(b2/U) cos 6, minimization of the total energy with respect to 6 gives a

canted-spin configuration havingboth a ferromagnetic and an antiferromagnetic component. Thus,
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as the fraction c of itinerant electrons is increased, the ferromagnetic component increases
continuously until simple ferromagnetic order is reached for ¢ > c¢; ~ [J]/b ~ b/U. In the range
bc b < bm, there is a minimum in N(E) vs E corresponding to ng = 1 as a result of the Coulomb
energy U, and the spontaneous magnetization is as shown schematically in Fig. II[-5(a-d). For
ny £ 1/2 and ny > 3/2, the magnetic ordcr is unambiguously ferromagnetic and the atomic moment
is p = ngeR O (2 — nd) kR respectively. In the intermediate range 1/2 < ny <3/2, any ferro-
magnctic component is reduced: p = (1 — nd) Mg for 1/2 < nd\< 1, and p = (nd - 1) by for 1 < ny <
3/2. There is also the possibility of an antiferromagnetic = ferromagnetic transition, a spiral-
spin configuration occurring at lower temperatures.

Figure III-6 is a schematic electronic phase diagram showing b vs Ny where bm is deter-
mined from Eq. (2) given a parabolic energy band, and bS is given by thc criterion for an Over-

hauser spin-density wave:

v 2 & 2
Qs Rla iz ¢ F(q) = 93 g‘

3
dk/(E,, -E) (3)
(zr)> VB <E Bty

k
=

and F(q) is a maximum at q = q,
- T J. B. Goodenough
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IV. PHYSICS OF SOLIDS

A. ELECTRONIC BAND STRUCTURE

1. Electroabsorption in Bulk Single Crystals of Germanium

Electroabsorption measurements have previously been carried out1 on semiconductor samples
by either placing the electrodes directly on the samples or by obtaining a sample containing a
grown p-n junction. The former technique is limited to high-resistivity materials or to low tem-
peratures, while the latter is limited to the few materials which can be obtained with the appro-
priate configuration. We have adapted the previously reported techniquo2 for making electrore-
flectance samples to a configuration for making transmission measurements, and have been able
to make electroabsorption measurements on bulk single-crystal samples over the temperature
range from 5° to 300°K.

The sample configuration is illustrated in the inset of Fig.IV-1. The transmission sample
is ground and polished to the desired thickness and then is electrically and mechanically con-
nected to the substrate mask with a thin coat of silver-conducting epoxy. The substrate is a
thicker piece of the same material as the sample in order to eliminate any strains induced by
differential thermal expansion. The sample is then coated with an insulating layer of Kodak
photoresist (KPR) and electrical contacts are made to a semitransparent nickel film evaporated
onto the insulating layer, the substrate is used as the other electrode.

The first results, obtained on an n-type germanium sample ~125u thick, are shown in
FFigs.IV-1 and IV-2. Figure IV-1 is a typical trace of the normalized electroabsorption signal
AT/T obtained by scanning through the energy range of the indirect and direct absorption edges
in germanium at a temperature of 200°K. Since the absorption is very large at the direct edge
in a sample of this thickness, only the first half of the direct edge line is secen before the trans-
miission signal is too weak to detect. The indirect line shape is clearly resolved on the side of
the direct edge signal and is smaller by a factor of 500. The line at 0.73 eV corresponds to the
indirect edge energy [&(I“'ZS) - &(Li)] plus the energy of an LA phonon. The weaker line at 0.68 eV
gives the indirect gap energy minus the energy of the absorbed LA phonon. At lower temperatures,
we have also seen the TA phonon lines, but they are not very well resolved for these modulation
conditions. The line position, when taken as the point of steepest slope of the 0.73-eV line, is
measurable to within the instrument resolution of about 1 meV.

This high accuracy of measurement enables us to make an accurate determination of the
temperature coefficient of these energy gaps, as illustrated in Fig.1V-2. The major source of
error is in the temperature measurement. The half-height points of the phonon absorption line
are used to delineate this line shift with temperature.

Aside from making possible an aceurate determination of the dependence of the gaps on
various parameters, with a significant increase in sensitivity, this technique also allows a study
of the line shape of electro-optical signals. The samples are usable both for electroreflectance

and electroabsorption measurements. We are now making such measurements simultaneously

25



Section IV

“suolpjiwl| juswniysul Aq paylojsip st aBpa 42211p yo apis ABisus ybiy -abpe

19311p D} 2AID|21 X 00G Pa!ylubow |pubis aBpa 45a11pu| “sjtun 3A1D|a) Ul umoys os[o st Ly~ joubis uoisiaaul
Blupiy-SIoWDIY Yl " Ne00Z 0 2|dwos wniuowsab yo1yy A-gz| ut (1/17) |pubis uondiosqoolyos|3z (-] “Biyg

(A®) ADHIN3 NOLOHd

080 Be0 980 rEO 280 BLO 9.0 L0 2L0 oLo 890 8990
| T T [ 'n | | ) | I I 1 | | |
\/
\ I\ ’~
\ LS /
W N
\ Mg / =
\ " x\
~~

| L5F3-55-¢

o -
L/1¥ TYNDIS NOILJHOSBY-04103713 ——

|
|
|
_
I
=
_
| |
|
_
I
|
_
|
|

H3IONIA__}
@102

<]}

2

vl

9

8L

22

ve

SLINN 3AILYI3Y

26



090

PHOTON ENERGY (eV)

——o—— 3 OCTOBER 1967
——a— {11, 13 OCTOBER 1967

o68—

066

06a | | | | 1 B | | | | B S | R (N |
0 50 %0 30 170 210 250 290

TEMPERATURE (°K)

Sectian 1V

Fig. IV=2. Temperature shift of electroabsorption of direct edge A, and af LA phanan-assisted indirect ab-
sarptians B and C. B is taken at point of maximum slope, and C is delimited by half-width paints of electro-
absarptian signal. Curves are campasite of several runs, and indicated paints shaw law scatter in data.

27



Sectian |V

¥ 5
3 €
£
u"
0 — —ic*
| | | | ]
10 20 30 40 50 &0 TO 80 %0
TEMPERATURE (*K)
Fig. IV-4. Temperature variation af Neff (= 1/Re) and My (= Ro) far sample in Fig.

1000 B . A
sool- 3556359

800 —

TOO

o [ohm-em) ™!

TEMPERATURE (*K)

Fig. IV=3. Canductivity vs temperature far pure HgTe sample.

28



Section IV

and are comparing the data by mcans of the Kramers-Kronig transforms of the modulated
absorption and reflection signals. 1. Feinleib
B. Feldman

2. Unusual Temperature Dependence of Conductivity in HgTe

Recently, Ivanov-Omskii, et a_l.,3 have reported measurements of the conductivity of HgTe
as a function of temperature. For high-purity samples, they observed a plateau in the vicinity
of 20° to 30°K. This plateau disappears in magnetic fields greater than about 1000 Oe, and is
not observed for less pure samples. Thc authors suggest that thc platcau may be caused by a
transition from an excitonic insulator to a semimetal, and that the dependence upon doping and
magnetic field is in qualitative agreement with this explanation.

Since the conductivity ¢ is proportional to the product of the carrier concentration n and
the mobility p, we have measured the temperature dependence of n and p as well as ¢ in order
to investigate the significance of the reported plateau. Figure IV-3 shows the conductivity vs
temperature for an undoped sample of HgTe, and is essentially the same as reported for pure
samples in Ref. 3. In Fig.IV-4, we plot the tempcrature dependence of thc effective carrier

concentration n ¢ 1/Rc) and the Hall mobility p,, ( = Ro), where R is the Hall coefficient.
Y Hy

Although the sai?]:)le is close to intrinsic even at the lowest temperatures measured here, thc
low-field Hall coefficient gives the electron concentration because the electron mobility is much
larger than the hole mobility. Our measurements were made at about 280 Oe, which is well be-
low the field where the conductivity plateau disappears.

Several features of F'ig.IV-4 are of interest. First, the carrier concentration increcascs
smoothly with temperature with a dependence slightly weaker than T3 2, the dependence for in-
trinsic activation across a zero energy gap. Othcr authors have reported a similar variation
in carrier concentration for HgTe (Refs. 4 and 5). The mobility decreases smoothly at about
the same ratc as the concentration increases in the region of the conductivity platcau, and less
rapidly at higher and lower temperatures. Thus, the plateau apparently arises merely because
the temperature dependences of the mobility and electron concentration happcn to cancel over a
certain range of temperaturc. We have not analyzed the temperature dependence of the mobility
in terms of various scattering mechanisms. We expect, however, that the scattering of electrons
by holcs should be important, and this will cause the electron mobility to decrease with temper-
ature because of the increase in hole concentration due to thermal activation. IFor this type of
scattering, both the mobility and the temperature dependcnce of the mobility will depend quite
strongly on the doping of the samplec.

When the electron mobility is high and there are roughly equal concentrations of electrons
and holes, the resistivity increases rapidly with magnetic field. At higher temperatures, the
reduced electron mobility causes a slowcr change of resistance with magnetic field. Thus, it
is reasonable to expect the conductivity-vs-temperature curve to be dependent upon magnetic
field.

In summary, our measurements suggest that the plateau in conductivity can be attributed

to a reasonable variation in carrier concentration and mobility with temperature. At the very
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Fig. IV=-5. Absorption spectrum of phosphorous impurity in silicon ot ~10°K with (a) no opplied
stress, unpolorized radiatian, and (b) [001] applied stress (1.16 X 108 dynes/cmz); solid line —
radiation polorized parallel to applied stress, dashed line — radiation polarized perpendiculor to
opplied stress (E || [110]).
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least, this cxplanation must be discounted in detail before any case can bc made for an excitonic
insul -semi ition.
insulator-semimectal transition S 9T Croes

F.T. Smith

A.J. Strauss

3. Effects of Calibrated Uniaxial Stress on Impurity Spectrum
of Phosphorous-Doped Silicon

Measurements of the effeet of a ealibrated uniaxial stress on phosphorous-doped silicon
have been completed. Figure IV-5(a) shows the zero stress absorption, and Fig.I1V-5(b) shows
the effect of an [001] stress on the absorption spectrum of the 1s — np transitions for phospho-
rous. For Fig.1V-5(b), the stress had a value of 1.16 X 108 dynes/cmz. The results are as
expected for a simple substitutional donor in the silicon lattice on the basis of the effective
mass theory. These results, and those for stress in the [111] and [110] direetions, are in good
agreement with the experiments of Aggarwal and Ramdas.6 In addition, with a ealibrated uni-
axial stress we are able to measure the pure shear deformation potential of the eonduction band
edge minima.7 The shift and splitting of various transitions are shown in Fig.IV-6. We measure
a value for the pure shear deformation potential E, = 7.9 £ 0.2eV, in agreement with the value

previously measured using sulfur-doped silicon.’

W.E. Krag

4. Automatic Recording of Spectrometer Data

A system for automatieally recording speetrometer data has been devised, built, and placed
into operation in the laboratory. Programs have been written for processing data in the form of
sueccessive traces of sample-in sample-out, intensity-vs-wavelength recordings.

A bloek diagram of the system is presented in Fig.IV-7. The Vidar Data Aequisition System
consists of a scanner, an integrating digital voltmcter, and a coupler. An output signal is pro-
vided for transmission to the Liaboratory computing facility by means of a Western Electric 103A2
data set operating at 200 bits/sec over a standard switehed voice grade telephone circuit.

Presently, the system is being fed from a modified Perkin-Elmcr infrared speetromecter.
The detector signal is amplified by a Princeton Applied Rcsearch model HR-8 phase sensitive
amplifier, whose output is fed to the scanner and also to a standard chart recorder. The seanncr
eontrols the sampling rate, up to almost four points per second, and will handle up to ten ehan-
nels of data. At present, we are using only onc channel, with the ehannel number being used
for identification of data. The signal goes to the digital voltmeter, and then to the coupler which
serializes the data for transmission through the data set and telephone line to an IBM 2702 Data
Transmission Control which, in turn, couples the data to an IBM 360/40 computer handling many
jobs in parallel under multiprogrammed control. The 360/40 computcr does some preliminary
proecessing and puts the data onto magnetic tape in a form suitable for furthcr proeessing.

The data on the tape consist of all the data points, collected at a rate of about 4/sec for the
entire duration of the experimental run. Data points taken between drum seans are marked to
delineate the useful data. The wavelength marker signal from the scanning drum of the spec-
trometer is used to label those data points which are coineident with the marker. An aceurate

log of the operation is made since the data processing programs specifically require that all
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3556383
VIDAR VIDAR WESTERN
VIDAR 500 650-35 ELECTRIC
SPECTROMETER 604 INTEGRATING
SYSTEM 10342
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TRANSMISSION COMPUTER G
CONTROL

Fig.1V-7. Block diagram of doto ocquisition and processing system.

wavelcngth scans be identified and that the wavelength dial number at the beginning of a scan,
the channel number, and the gain sctting of the amplifier also bc given for ecach scan. With thc
prcsent data generation rate and packing density, a reel of tape will hold approximately 24 hours
of data.

The experimentally derived data are processed on an IBM 360/67 to give tabular data in the
form of transmission ratio vs drum number, or photon energy. The results can also be plotted by
a Stromberg-Carlson 4020 plotter. An example of the processed data in the form of I/Io vs photon
energy is shown in Fig.1V-8. The data, taken at about 10°K show the 1s — ZpO and 1s —~ 2p, tran-

ol4

sitions in a silicon sample doped with a phosphorous concentration of =1 atoms/cm3. The

samec 1/10 data, converted to absorption coefficient, are plotted in Fig.IV-9.
W.E. Krag R.N. DavisT
N. L. Daggett? F.E. Perkinst
5. Analysis of Landau Levels in InSb

The previously obser‘vcd8 fine structure in the interband magnctoabsorption of InSb has
cstablished the existcnce of exciton effects in these transitions and has provided a means of
checking the theory of exciton cnergy levels in a magnetic field. With an exciton theory that
has been confirmed by expecriment, we have been able to correct the experimentally obscrved
transition energies for excitons and focus our attention on a study of thc Liandau levels. 1n the

absence of nonparabolic cffects, one can write the corrected transition energies as

- ; 1
hv, = &+ [(2n+ 1)%i§gR][3H (1)

where & _is the ener ap, n is an integer, p and are, respectively, a reduced conduction-
gy gap g gr P A

valcnce band effective mass and a reduced conduction-valence band g-factor, i.e.,

o
b e h

(2)

and

t Group 28.
1 Presently at the Department of Civil Engineering, M.I1.T.; formerly of Group 28.
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We have examined the two lowcst transitions in the E || H spectrum of InSh which eorrespond
ton = 0. Below about 15kG, nonparabolic effects arc not significant and the data can be analyzed
using the above equations. At about 20°K, we obtain 5g =236.7meV, p=0.0137m, and gr =
48.4. A comparison with the conduction band m = 0.0138 m as determined by cyclotron reso-
nance,9 and g = 48.4 as detcrmined by combination resonance,10 lcads to the conclusion that the
valence band levels do not move significantly with magnetic field.

At higher magnctic fields, the nonparabolic cffects of the conduction band can be taken into
account using thc Bowers and Yafet theory.“ Pidgeon and Browniz have improved upon this
theory, howevcer, we have found that conduction band Landau levels for magnetic fields to 40 kGt
as determined by Pidgeon and Brown, are not significantly different from thosc of Bowers and
Yafet.

Using the Bowers and Yafet theory, we have calculated the cnergy (as measured from the
top of the valence band at H = 0) of the lowest two conduction band Landau levels for magnetic
fields to 40kG. We comparcd these calculated energies with the respective obscrved interband
transition energies. Below about 10 kG, the calculated and observed energies are approximatcly
equal, confirming that the top of the valence band does not move much with magnetic field at low
magnetic fields. At higher magnetic fields, the observed energics increase with magnetie field
faster than the calculated energies. At 40 kG, the difference in encrgy observed is eomparable

to that expected for the shift of the valcnce band levels from the thcory of Pidgcon and Brown.

t1t is a pleasure to acknowledge the assistance of S. Il. Groves in making this comparison.

34



Section |V

The observed behavior of the top of the valence band at low magnetic fields cannot be easily
explained; it appcars to be connected with the fact that the top of the valence band in InSb is not
expected to occur at E = 0 (Ref.13). This effect should disappear for magnetic fields such that
the energy difference between valcnce band Landau levels is much greater than the separation

betwecen the top of the valence band and the value at kK=0 (estimated to be ~0.1 meV).

E.J. Johnson

6. Polaron Ground State Energy

We have devcloped a variational trial function for the polaron problem which gives (a) the
exact ground state cncrgy through order oz?' at weak coupling, (b) energies lower than thc Feynman
thcory for o < 3, and (c) energy higher than that calculated from the Feynman theory but lowcr
than the Low-Pincs energy for @ = 5.2. This theory has the advantage that, unlike the Feynman
method, the connection with thc ordinary quantum mechanical picture of the polaron is clear,
and the energies can be calculated numerically in a matter of seconds on the IBM 360/65.
Furthermore, the theory can be extended, at the cost of considerable labor, to calculate vari-
ationally the polaron energy for low polaron momentum. Thus, "variational" effcctive masses,
cxpccted to be of high accuracy for @ < 4, can be calculated. This is important becausc mcas-
urements are now becoming available14 of polaron masses in the silver halides (@ = 1 to 2) and
the alkali halides (@ = 2.5 to 7).

If we write the polaron Hamiltonian in the form it takes after the LLP ground state trans-

. 15
formation, we havc

2 +
= -7 o= = . 1
H=(p uMnM) + En}i o ZR z—lifk(bh + bk) + 22}& k fkfk'bkbk'
+\’k-k'ff(b+++bb)+22k k'f(nb+bn) (4)
T~ kK k Kk k k k' ’
Our trial function is simply the unrestricted lincar combination d| 0> + £d | k> k l‘ k>,

Wc vary d, d)& and dk L to produce the variational minimum. For calculating th(‘ ground State,
we set p = 0 in Eq (4) and obtain variational equations which rcduce to a one-dimensional integral
equation. This equation, in turn, can be solved very readily by itcration. Some upper bounds

to thc ground state energy,Jr denoted 6gs’ are given in Table IV-1.

TABLE V-1

UPPER BOUND FOR POLARON GROUND STATE ENERGY IN UNITS
OF THE LO PHONON ENERGY

a 0.5 1.0 1.5 2.0 3.0 4,0 5.0

& g —0.50400 | —1.0160 | —1.5361 —2.0640 | —3.142 | —4.247 | -5.374
g

D. M. Larsen

T We are grateful to Susan Landon of Group 81 for assistance in the numerical computations.

315



Section IV

7. Upper Bounds on Number of Bound States for Nonlocal Potential

The number of bound states N of a particle in a nonlocal potential W(r,r ') has been con-

sidered. The Schrodinger equation is

(—v2 + KZ) u(r) + g dr'w(r,r)ur')=0 . (5)
The inequality
e S
N<— | Wr) g7 g7 (6)
4r|r —r'|

has been derived by a generalization of a procedure used by Schwinger16 for a local potential.

According to the derivation, this upper bound on N holds provided W(?, ?') is negative semi-

definite. Other expressions for upper bounds have also been derived, the application of one of
these expressions is described below. Both general and rotationally invariant potentials have
been treated. Also, a criterion for demonstrating the nonexistence of a bound state has been

found. Details of this work are available on request.

For a particle in a rotationally invariant nonlocal potential,

WETH = (@am™ ) @+ r‘—in(r, ) r'-ipl(;-;'/rr') (1)
b4
where Pl is the lth Legendre polynomial, the following class of bounds was derived
™
n,(W,,x;p) < S) dr(g, ©)P (r,r, ) (8)
one bound for cach £,p value (p = 1, 2, ...). In Eq.(8), gl(r, r',x ) is the Green's function used

by Schwinger‘,16 and ll\‘l(r, r') — a comparison potential for Wl(r, r') — is chosen to be positive
semidefinite and such that Wi + (Dl is positive semidefinite; n, is an upper bound on t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>